Background. Different phosphate binders exert differing effects on bone mineral metabolism and levels of regulating hormones. The objective of this post hoc evaluation of the CALcium acetate MAGnesium carbonate (CALMAG) study was to compare the effects of calcium acetate/magnesium carbonate (CaMg) and a calcium-free phosphate binder, sevelamer-hydrochloride (HCl), on serum levels of fibroblast growth factor-23 (FGF-23) and markers of bone turnover.
Methods. This secondary analysis of the controlled, randomized CALMAG study, comparing the effect of CaMg and sevelamer-HCl on serum phosphorus (P), aimed to investigate the parameters described above. The analysis included 204 patients who completed the initial study per protocol (CaMg, n = 105; sevelamer-HCl, n = 99).
Results. The study showed that serum levels of FGF-23 were significantly reduced with CaMg and sevelamer-HCl, with no difference between groups at Week 25 [analysis of covariance (ANCOVA); log-intact FGF-23 (iFGF-23), P = 0.1573]. FGF-23 levels strongly correlated with serum P levels at all time points in both groups. The bone turnover parameters alkaline phosphatase (AP), bone AP (BAP), procollagen type 1 aminoterminal propeptide 1 (P1NP), osteoprotegerin (OPG), betacrosslaps (β-CTX) and tartrate-resistant acid phosphatase 5b (TRAP 5b) increased significantly in the sevelamer-HCl group; they remained almost unchanged in the CaMg group, after the initial phase of P lowering (ANCOVA, P < 0.0001 for all except OPG, P = 0.1718). Conclusions. CaMg and sevelamer-HCl comparably lower serum levels of iFGF-23. Changes in bone parameters were dependent on characteristics of the phosphate binder; in contrast with sevelamer-HCl, CaMg had no influence on bone turnover markers.
I N T R O D U C T I O N
In patients with chronic kidney disease stage 5 (CKD 5), elevated serum phosphorus (P) levels are associated with an increased risk of morbidity and mortality [1] [2] [3] [4] [5] [6] . Therefore, control of serum P levels is a key objective in the management of chronic kidney disease-mineral and bone disorder (CKD-MBD). In addition to optimal dialysis and dietary restrictions, oral phosphate binders such as calcium (Ca) acetate and the non-Ca-containing agent sevelamer-hydrochloride (HCl) constitute key treatment options in hyperphosphataemia. The recent CALcium acetate MAGnesium carbonate (CALMAG) randomized, controlled trial demonstrated that the combination phosphate binder calcium acetate/magnesium carbonate (CaMg) is non-inferior to sevelamer-HCl at controlling serum P levels in patients receiving haemodialysis (HD), thus, presenting another effective treatment option [7] .
Hyperphosphataemia is associated with elevated levels of fibroblast growth factor-23 (FGF-23) and parathyroid hormone (PTH) [8] . Increased FGF-23, hyperphosphataemia and elevated PTH are independently associated with increased mortality in CKD [9] [10] [11] [12] [13] [14] . FGF-23, a master regulator of P, PTH and 1,25-(OH) 2 D 3 [15] [16] [17] , is also implicated in cardiovascular disease [10, 14, [18] [19] [20] and is becoming increasingly recognized as an important marker for outcome and severity of disease in CKD-MBD. However, unfortunately there are currently very few strategies available to enable a significant reduction in its level in patients with CKD.
Recent studies have reported a greater reduction in FGF-23 with sevelamer-HCl than with Ca acetate [21, 22] and, therefore, there is now an increased interest in investigating how other, newer phosphate-binding agents (such as CaMg) affect FGF-23. Previous studies that have investigated the impact of phosphate binders on bone metabolism include the comparison between sevelamer-HCl and Ca acetate [21] and between sevelamer-HCl and Ca carbonate [23] ; however, no comparisons of sevelamer-HCl and CaMg have yet been reported. Moreover, as an emerging role of FGF-23 in the bone-kidney axis becomes apparent [24] , it is also important to compare the concomitant changes in bone markers in response to treatment.
In order to evaluate the effects of different phosphate binders on FGF-23 and markers of bone turnover, we performed a secondary analysis of data from the CALMAG study comparing the effect of CaMg versus sevelamer-HCl on these parameters in patients receiving HD.
S U B J E C T S A N D M E T H O D S

Study population and design
Full details of the CALMAG study, which compared the tolerability and efficacy of two different oral phosphate binder treatments (CaMg and sevelamer-HCl) for 24 weeks in HD or online haemodiafiltration (HDF) patients, have been described previously [7] . The primary endpoint of the original trial was to determine the efficacy of CaMg compared with sevelamerHCl as an active control in lowering serum P [7] .
This secondary analysis was performed with the objective of comparing the effects of both phosphate binders on FGF-23 and different bone turnover markers.
Patients aged 18-85 years, in stable condition, without additional serious illness, received one of two study medications: 435 mg of Ca acetate (containing 110 mg elemental Ca) combined with 235 mg of magnesium (Mg) carbonate (containing 60 mg elemental Mg) (OsvaRen®; Fresenius Medical Care Nephrologica Deutschland GmbH, Bad Homburg, Germany) or sevelamer-HCl 800 mg (Renagel®; Genzyme Corporation, Cambridge, MA) for 24 weeks. A standardized titration scheme was used in order to reduce serum P levels <1.78 mmol/L (5.5 mg/dL).
Study parameters
In addition to parameters reported previously, serum samples from baseline, Weeks 9 and 25 were also analysed for FGF-23. Markers of bone formation including alkaline phosphatase (AP), bone AP (BAP), procollagen type 1 aminoterminal propeptide 1 (P1NP) and osteoprotegerin (OPG) were determined as well as a marker of bone resorption, betacrosslaps (β-CTx), and a marker of osteoclast activity, tartrateresistant acid phosphatase 5b (TRAP 5b).
Measurements were performed at the central laboratory using the following assays: inorganic P, molybdate reaction without deproteinization; total Ca, photometric colour test; ionized Ca (iCa), OPTI® R blood gas analysis ( 
Statistical analysis
The differences in biochemical serum parameters between treatment groups were tested using an analysis of covariance (ANCOVA) model for repeated measures. The factors for study treatment, centre (pooled), dialysate Ca concentration, dialysis method (HD or online-HDF) and use of vitamin D and cinacalcet were included in the model. The respective baseline value was added as a covariate.
Differences between groups in mean baseline biochemical serum parameters were tested using the Mann-Whitney test. Wilcoxon tests were applied to describe the statistical significance of changes over time within a treatment group. All tests were carried out at a two-sided significance level α of 5%.
In order to dissect the acute effect of phosphate lowering after the wash-out and the long-term effect of different phosphate binders, in addition to the overall comparison, we split the analysis into two phases: the initial phase of phosphate lowering, Weeks 1-9, and the maintenance phase, Weeks 9-25.
All analyses were based on the per protocol set (PPS), which included all patients who were randomized and completed the study without major protocol violations. Data and figures are presented as median and interquartile range (Q3-Q1). Pearson's correlation coefficients and the respective twosided P values were calculated between iFGF-23, iPTH, actual bicarbonate and P, iCa, total Ca, Mg, AP, BAP, P1NP, OPG, TRAP 5b and β-CTx over the whole treatment period and at all measured time points.
R E S U LT S
Patients and baseline characteristics
Of the 326 patients who were included in the CALMAG study, 255 were randomized and 204 [105 patients (CaMg) and 99 patients (sevelamer-HCl)] completed the study as per protocol. There were no significant differences in baseline characteristics between groups in terms of underlying disease, comorbidities or disposition of covariates, including the use of any vitamin D (reported previously) [7] or in biochemical serum parameters (Table 1 ). In both of the groups, the minority of patients (CaMg: 38.1%, n = 40; sevelamer-HCl: 29.3%, n = 29) were treated with any form of vitamin D, either with cholecalciferol, calcitriol or another vitamin D receptor activator. As written in the protocol and as confirmed by further analysis of co-medication, baseline medication was not changed during the course of the study.
Mineral metabolism and intact parathyroid hormone
Parameters of mineral metabolism and iPTH at Weeks 1, 9 and 25 are given in Table 2 . Data analysed from the PPS confirmed the results of the primary analysis involving the full analysis set regarding mineral metabolism in both of the groups [7] . Major changes in P, actual bicarbonate and total Ca (only in the CaMg group) and iPTH occurred during the first 9 weeks-the phosphate-lowering phase of the study. Changes in serum P from Weeks 1-25 for both of the groups are shown in Figure 1a . Changes in iPTH from Weeks 1-9 correlated significantly with changes in serum P, for both treatment arms (r = 0.44, P < 0.0001 for CaMg and r = 0.37, P = 0.0002 for sevelamer-HCl, respectively). In addition, in the CaMg group they were also inversely related to changes in total (r = −0.35, P = 0.0003) and ionized serum Ca (r = −0.27, P = 0.0065), Mg (r = −0.34, P = 0.0005) and actual bicarbonate (r = −0.21, P = 0.0458) (Supplementary data, Table S1 ).
Intact fibroblast growth factor-23 Intact FGF-23 (iFGF-23) and log iFGF-23 declined significantly during treatment with both phosphate binders, specifically during the first 9 weeks of treatment, with no difference between groups after 25 weeks of treatment (ANCOVA, P = 0.1573) ( Table 3 and Figure 1b) . iFGF-23 strongly correlated with serum P (Week 25 all patients: r = 0.34, P < 0.0001) at all time points in both of the groups. However, the change 
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O R I G I N A L A R T I C L E
Afound to correlate weakly with a change in iPTH, but only in the sevelamer-HCl group and only in the first part of the study (Supplementary data,
Bone parameters
Over the entire treatment period, all bone markers increased significantly in the sevelamer-HCl group (P < 0.0001 for all, except OPG, P = 0.0100 and β-CTx, P = 0.0003). In the CaMg group, bone markers showed a more differentiated behaviour. BAP and AP also increased (P < 0.0001 and P = 0.0018, respectively), but to a lower degree than in the sevelamer group (ANCOVA, both P < 0.0001). P1NP (P = 0.1228), OPG (P = 0.0906) and TRAP 5b (P = 0.3930) remained unchanged. β-CTx decreased significantly over time (P = 0.0004), although the decrease occurred only during the first period (Weeks 1-9) ( Table 3) .
When analysing the data separately for the two investigation periods (Weeks 1-9 and 9-25), more pronounced changes were observed from Weeks 1-9 in both of the groups. In the CaMg group, TRAP 5b was the only marker that increased significantly from Weeks 9 to 25. However, in the sevelamer-HCl group, significant increases were seen for BAP, P1NP, β-CTx and TRAP 5b from Weeks 9-25 (Table 3, Figure 1c and d).
Changes in AP and BAP did not correlate with changes in iPTH or iFGF-23 in either group. However, from Weeks 1 to 25 changes in other bone markers correlated with changes in iPTH: for sevelamer-HCl, with P1NP, β-CTx, TRAP 5b and inversely with OPG; for the CaMg group, only with P1NP and TRAP 5b (Supplementary data, Table S1 ).
D I S C U S S I O N
The aim of this post hoc analysis of the randomized, controlled CALMAG study was to determine the impact of phosphate binder therapy on serum levels of FGF-23 and bone markers and to explore whether a difference exists between combined Ca and Mg salts and a non-Ca-containing phosphate binder.
Decrease in serum levels of fibroblast growth factor-23
The study confirmed that serum levels of FGF-23 decreased significantly with both CaMg and sevelamer-HCl during the study period, with no difference between groups at Week 25. Furthermore, FGF-23 levels strongly correlated with serum P levels at all time points in both of the groups; however, changes over the whole study period in serum P correlated with changes in iFGF-23 only in the CaMg group. Similarly, in this group changes in serum Mg over time inversely correlated with changes in iFGF-23.
While a greater reduction in iFGF-23 with sevelamer-HCl versus Ca acetate has been reported in other studies [21, 22] , our investigation clearly shows that the phosphate binder CaMg leads to similar effects. Differences between Weeks 1 and 9, and Weeks 9 and 25, point to the important role of P on levels of hormones such as FGF-23 and iPTH and on bone turnover. However, it is not clear whether the reason underlying the greater reduction in FGF-23 in both of the groups in the first phase is attributable to the effect of the phosphate binder on serum P alone or whether the binder itself has an intrinsic effect, especially since no correlation could be established between any parameter in this phase (with the exception of a weak correlation between iFGF-23 and iPTH in the sevelamer-HCl group). Vitamin D strongly influences iFGF-23 levels [25] and administration of vitamin D in patients on dialysis leads to an increase of iFGF-23 levels [26] . In our study, the dose of vitamin D (independent of whether it was prescribed as a supplementation or as active vitamin D) remained constant and there was no difference between treatment arms; thus, we could not observe any relationship to iFGF-23 levels (data not shown).
Additional factors that may influence the levels of fibroblast growth factor-23 As previously described [21] , other factors that determine serum Ca and/or Ca balance (oral intake, vitamin D administration, dialysate Ca concentration) may also have an impact on the extent of FGF-23 decrease. In our study, the slight increase in serum iCa in both groups and the very small increase in total serum Ca for CaMg did not play a role in attenuating the decrease in FGF-23 (Supplementary data, Table S1 ) [27] . Similar results were reported in an acute study in HD patients with elevated PTH levels investigating the effect of high and low serum Ca with the use of different dialysate Ca concentrations. In the same study, no direct relationship between Ca levels and iFGF-23 could be established [28] . In contrast, an association between serum Ca changes and log iFGF-23 was reported in a separate long-term study [29] .
Our data suggest that an increase in Mg might be another factor that can influence the decrease in iFGF-23. A possible and hitherto unknown direct or indirect physiological interaction remains to be elucidated. FGF-23 lowering might also be modulated via the Ca-sensing receptor [29] , and perhaps the reason that no correlation was found between the decline of iPTH and iFGF-23 in the CaMg group may be attributable to the effects of Mg on the Ca-sensing receptor. A similar finding was described in the secondary analysis of a study investigating the effect of cinacalcet on FGF-23 [29] . A direct relationship between iPTH and iFGF-23 was not found; however, the authors discussed a direct effect or an indirect mechanism via the Ca-sensing receptor and/or phosphate lowering as a possible explanation [29] . In our study, a direct, albeit weak, correlation is evident between iFGF-23 and the decrease in iPTH from Weeks 1 to 9 in the sevelamer-HCl group, which is not surprising in patients with CKD, in whom a direct effect of PTH on FGF-23 mRNA has previously been described [20] .
Differing effects of phosphate binders on bone parameters In general, there was a more significant increase in markers of bone turnover in the sevelamer-HCl group compared with the CaMg group, especially after the initial phase of P lowering. This suggests that while control of P levels with CaMg is associated with a similar reduction in serum levels of FGF-23 as with sevelamer-HCl, the influence of CaMg on bone turnover markers is less pronounced.
Interestingly, while iPTH levels dropped significantly during the first 9 weeks in both of the groups, bone parameters such as BAP increased. While the changes in the levels of BAP and iPTH frequently tend to correlate positively with each other [30, 31] , a lack of correlation between these two parameters has also been documented [32] . In our longitudinal study, the initial lowering of iPTH is most probably caused by the direct effect of P on the parathyroid gland [33, 34] , while the increase in membrane-bound enzyme BAP probably reflects the normalization in osteoblast activity following the same reduction in serum P levels (that is, the effects on boneremodelling and BAP levels are independent of the effect on the parathyroid gland).
In line with other studies [23, [35] [36] [37] [38] , a more pronounced increase in bone markers with sevelamer-HCl in comparison to CaMg was evident in our study. This may represent some clinical benefit, for example, in patients with low bone turnover disease [36] , or it may reflect an aggravation of secondary hyperparathyroidism [31] . Furthermore, an increased level of AP is associated with increased mortality, as recently reported in epidemiological studies [39, 40] . However, whether an increase in markers associated with bone mineral loss [41] [42] [43] , such as TRAP 5b and OPG seen in the patients on sevelamerHCl, can lead to an apparent clinical effect is an issue that requires further investigation.
Although the ideal levels of bone markers in patients receiving dialysis remain to be established, the use of CaMg as a phosphate binder appears to moderately correct levels towards the normal range and prevents a continuous increase. The lack of a placebo group in this study limits the extent to which we can detail relative effects of phosphate binders on bone turnover. Nevertheless, a recent investigation of several different phosphate binders, which also included a placebo group, in pre-dialysis patients similarly showed differential changes in bone mineral density, depending on the phosphate binder or placebo use, further supporting our findings [44] . However, the reason for the different effects of both phosphate binders on bone parameters in the current study remains to be elucidated. Possibilities include an effect of Ca and Mg, as well as an effect of acid-base status on the bone turnover [45, 46] , which improved with CaMg but remained unchanged in the sevelamer-HCl group [7] .
There is a concern that increased serum Mg levels may potentially have a harmful effect on bone, such as mineralization defects and adynamic bone disease, in dialysis patients [47] . In contrast, Mg levels in the upper normal range in the general population and mildly elevated levels in patients with CKD 5 have in fact been associated with benefits, including reduced cardiovascular calcification, reduced hypertension and reduced mortality [47] [48] [49] .
In our study, we did not perform bone biopsies, which is a major limitation, and therefore we cannot exclude the possibility of development of adynamic bone disease. However, the observed lack of decrease in bone formation markers such as BAP, known for its high specificity and sensitivity in identifying bone remodelling when compared with bone biopsies [30, 31] , supports the absence of adynamic bone disease. In addition, a large bone biopsy study in 100 patients did not find Mg bone content to be correlated with osteomalacia or any other type of bone disease, even though the Mg/Ca ratio was elevated in dialysis patients compared with healthy controls [50] . Furthermore, in 35 patients in the same study who were diagnosed with adynamic bone disease, the Mg content of bone biopsies did not differ significantly from other types of renal osteodystrophy.
In summary, in contrast to the sevelamer group, bone marker changes over time indicate that CaMg helps maintain bone health, causing neither an overstimulation nor a suppression of bone turnover.
CO N C L U S I O N
This study provides an intriguing insight into the therapeutic effects of the phosphate binders CaMg and sevelamer-HCl on FGF-23 and bone markers. The differing effects of phosphate binders on bone metabolism reinforce the need for studying these effects for each respective phosphate binder separately [44] . Limitations of the study are that it did not include a placebo control and we did not conduct any bone biopsies. Further studies are required to understand better the reason(s) underlying the different effects of CaMg and sevelamer-HCl on FGF-23 and bone parameters.
In conclusion, CaMg lowered serum levels of iFGF-23 to the same extent as sevelamer-HCl in this controlled, randomized study. Changes in bone parameters were dependent on the characteristics of each phosphate binder. CaMg resulted in an increase in serum Mg but did not have a distinct effect on bone turnover markers.
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